Background 27 We recently developed a superhydrophobic cone-based method for the collection of mosquito 28 excreta/feces (E/F) for the molecular xenomonitoring of vector-borne parasites showing higher 29 throughput compared to the traditional approach. To test its field applicability, we used this 30 platform to detect the presence of filarial and malaria parasites in two villages of Ghana and 31 compared results to those for detection in mosquito carcasses and human blood. 32
Introduction
validation of elimination in many countries including Papua New Guinea [11] , Ghana [12] , 103
Togo [13] , Egypt [14] , India [15] , Sri Lanka [16] and American Samoa [17] . 104
105
To implement MX in LF elimination programmes on a global scale, both the protocols for 106 collecting different species of mosquitoes in different settings and the molecular diagnostic 107 tools used for detection must be standardized. Furthermore, the levels of infection in vectors 108 allowing for sustained transmission (accounting for vector density and biting rates) need to be 109 clearly defined [18, 19] . Currently, the cost-effectiveness and potential for scaling up MX using 110 insect carcasses is negatively affected by the need to collect and process large numbers of 111 samples [19] . Further constraining efforts, mosquitoes can only be pooled for DNA extraction 112 in groups of up to 25 insects to avoid a loss of sensitivity in parasite detection [20] . Since such 113 limitations can be reasonably applied to the MX of any pathogen, particularly in low prevalence 114 settings, there is a need for more cost-effective alternatives ensuring high sensitivity of 115 detection and a higher throughput. 116
117
The discovery that the DNA of ingested parasites can also be detected in the excreta/feces 118 (E/F) of mosquitoes [21] , regardless of whether they are competent vector species or not, has 119 offered a novel and promising approach to MX. Insect E/F provide a 'cleaner' sample, 120 minimizing the mass of mosquito DNA which may affect the amplification of the target 121 organisms. Additionally, MX of E/F substantially increases the throughput of mosquito 122 processing while maintaining sensitivity: it has been shown to successfully amplify pathogen 123 DNA in the E/F from one positive mosquito within an E/F pool from up to 500 negative 124 mosquitoes [22] . The use of mosquito E/F for MX purposes has recently been demonstrated Methods 158 159 Study communities 160 We conducted the study in the communities of Sekyerekura and Dugli, located in the Bole 161
District, in the Savannah Region of Ghana. We previously surveyed all the households (24 in 162 Sekyerekura and 47 in Dugli) in March 2017 as part of a study on the status of elimination and 163 determinants of LF persistence in Ghana [29] . At the time of the survey, estimated W. bancrofti 164 microfilaria community prevalences were 7.4% and 5.5% for Sekyerekura and Dugli, 165 respectively. An additional finding was the presence of M. perstans. This neglected filarial 166 parasite is transmitted by biting midges of the genus Culicoides, and recent data have shown 167 that it is endemic in Ghana [30] . Communities in this part of the country are also highly endemic 168 for P. falciparum malaria [31] and they are located in a dry savannah environment, with a 169 single rainy season beginning in May and ending in October. In both villages, the dominant 170 mosquito vectors of both LF and malaria are Anopheles gambiae s.s, An. arabiensis and An. 171 funestus [31, 32] . We conducted this study in October 2017, at the end of the rainy season. As 172 part of the national program for LF elimination, MDA with ivermectin and albendazole took 173 place in the communities two to four weeks before the study. 174
Parasitological testing in selected households

183
In the selected households, we invited all people 1 year of age and above to take part in the 184 parasitological survey. The presence of W. bancrofti adult worm and P. falciparum antigens 185 was determined in consenting participants (and assenting children) by finger-prick blood 186 testing using the Filariasis Test Strip (FTS) (Alere Inc.,Waltham, USA) and the OptiMAL-IT 187 (Diamed GmBH, Switzerland) immunochromatographic tests, respectively, as per the 188 manufacturer's instructions. In addition, approximately 25 µl of blood from each participant 189 was blotted onto a Whatman filter paper disk, which was dried and stored in bags with silica 190 gel beads for later DNA extraction and testing for parasite DNA presence. During the night 191 (2200h to 0100h), 2 ml of venous blood was also collected from consenting FTS-positive 192 participants to enable detection of W. bancrofti microfilariae using the acetic acid fixation and 193 counting chamber method, and to estimate the number of larvae per millilitre of blood [33] . For 194 all consenting participants age and sex were also recorded. All participants which tested 195 positive for malaria antigen were provided artemisinin combination therapy (ACT) with 196 artemether lumefantrine by a registered nurse, following the Ghana national guidelines [34] . 197 198 
Mosquito and E/F collections 199
In all assenting households from both villages, between 0500h and 0800h, we collected indoor 200 resting mosquitoes from ceiling, walls, furniture and hanging clothes using a battery powered 201 aspirator [35] . A total of 26 (56 sleeping spaces) and 49 (116 sleeping spaces) households 202 were sampled twice in Sekyerekura and Dugli, respectively. Additionally, gravid and host-203 seeking mosquitoes were also collected using a combination of Anopheles and Box gravid 204 traps and BG-sentinel traps as described previously [36] . In total, 12 collection nights were 205 performed per trap type. At the time of collection all live female mosquitoes were transferred 206 into paper cups covered with netting and transported to a central location for processing. Here, 207
according to the household of collection, mosquitoes were sorted into paper cups equipped 208 with the SHC positioned above a 1.5 ml microcentrifuge tube and were provided access to 209 sugar-soaked cotton wool as previously described [28] . Mosquitoes were held in the E/F 210 collection cups in pools per household (with pool sizes ranging from 1 to 26 insects) for 211 approximately 35 hours, after which they were processed. The tubes with the E/F were sealed, 212 with three holes made in the lid, and then stored in plastic bags containing silica beads. 213
Mosquitoes were morphologically identified to the species complex level [37] and then stored 214 individually in 1.5 ml collection tubes with silica beads for later molecular processing. The 215
SHCs were rinsed with distilled water between collections and re-used, since laboratory trials 216 previously confirmed the absence of DNA contamination when performing this rinse procedure 217
[28]. 218 219 Parasite molecular detection 220 We extracted the DNA from mosquito E/F in the 1.5 ml collection tubes using the QIAamp 221 DNA Micro Kit (QIAGEN, Germantown, Maryland) following a modified version of the 222 manufacturer's protocol as described elsewhere [38] . To test the possibility of detecting the 223 presence of W. bancrofti or P. falciparum developing or infective stage, mosquito carcasses 224 were separated into two separate aliquots, heads and thoraces (H&T) and abdomens (Abd), 225 which were then pooled in groups from up to five mosquitoes. Carcass DNA was extracted 226 using the DNeasy 96 Blood & Tissue kit (QIAGEN, Manchester, UK) as per the manufacturer's 227 instructions, with the following modification: before incubation in ATL lysis buffer at 56°C for 3 228 hours, the tissues were disrupted in the same buffer using steel beads in a TissueLyser 229 (QIAGEN) shaker (5 minutes at 30 1/S frequency). Dried blood spots were extracted following 230 a previously published protocol [39] . The presence of parasite DNA in the extracted samples 231 was determined by real-time quantitative PCR (qPCR). The presence of W. bancrofti and P. 232 falciparum DNA was tested using two novel assays targeting repetitive regions in the using a previously undescribed assay targeting the parasite ribosomal RNA internal 235 transcribed spacer (ITS) region (available at the following address: 236 https://www.ncbi.nlm.nih.gov/nuccore/EU272184.1?report=fasta). The newly designed primer 237 sequences were as follows: 5'-ATAGACACCAACGAATATCACCGTTA-3' for the forward and 238 with the following cycling conditions: 50°C for 10 min, 95°C for 2 min and 45 cycles of 95°C 243 for 15 seconds and 60°C for 1 min. All samples were initially tested in duplicate. If one 244
replicate was negative and the other was positive, then the sample was retested. A sample 245 was considered positive either if it allowed for amplification in both the initial reaction replicates 246 or it was positive in at least one replicate reaction upon retesting. As described elsewhere 247
[38], highly sensitive digital PCR using the QuantStudio 3D Digital PCR instrument was used 248
to retest E/F samples that were inconsistently positive upon initial testing, given the very small 249 residual volumes available for retesting from these samples and the potential to improve 250 detection when very low concentrations of target are present. Due to the prohibitive cost of 251 digital PCR, qPCR was instead used to retest inconsistently positive blood and mosquito 252 carcasses samples, as DNA extraction from these sample types produces considerably 253 greater sample volumes. 254
The study design and sample collection workflow are depicted in Figure 1 . statistics were calculated for parasite infection prevalence in humans, and mosquito and separate for H&T and Abd) was calculated using maximum likelihood estimates (with 95% 276 confidence intervals) using PoolScreen 2.02 [42] . Associations in the DNA positivity between 277 mosquito E/F and carcasses (overall and separate for H&T and Abd) and between mosquito 278 E/F or carcasses and household members were calculated using the Pearson's correlation 279 coefficient r or the Chi-square test, respectively. Maps for household parasites' positivity in 280 human blood and mosquito carcasses and E/F were made in QGIS 3.x. Mosquito density was 281 interpolated using the Inverse Distance Weighted method. In this method, sample points are 282
weighted during interpolation such that the influence of one point relative to another declines 283 with distance. We performed a spatial clustering analysis for each pathogen and mosquito 284 density in both villages in the study site. Pathogen positivity was treated as a case-control 285 point data, with cases being households positive for that pathogen and controls being 286 households which were negative. Differences in K functions were calculated, and tolerance 287 envelopes produced, then a global test of clustering using difference in K functions was 288 applied by comparing cases and controls [43] . Clustering for mosquito density was assessed 289 by using the Getis-Ord General G statistic. Using our dataset, the probability (with 95% 290 met with the district health officials and community leaders to explain the purpose of the study 300 before enrolling the participants. Meetings were then held at the community level to explain 301 the purpose of the study to all residents, and further details were explained to the selected household participants before they signed an informed consent form for themselves or on 303 behalf of their children. 
Mosquito abundance and diversity 324
A total of 2,331 mosquitoes were collected across the two surveyed communities. The majority 325 of collected mosquitoes (>95%) were anophelines, which included mostly An. gambiae sl (87%) followed by An. funestus sl (10.6%). The number and percentage of mosquitoes by 327 species complex/genus and by collection method are reported in S1 and S2 Tables.  328   329 Parasite prevalence in humans and in mosquito E/F and carcasses 330 The human prevalence and the DNA positivity in mosquito E/F and carcasses (overall and 331 separate for H&T and Abd) of the three parasites in the two sampled communities are shown 332
in Tables 1 to 3. None of the blood spots collected during the day tested positive for W. 333
bancrofti DNA by qPCR but microfilaria was detected in night blood from three and two people 334 in Sekyerekura and Dugli, respectively. The prevalence of malaria was high by both antigen 335 (39-42.1%) and qPCR (72-82.4%) in both communities. No species other than P. falciparum 336 was found in the samples. The filarial parasite M. perstans was also detected at a prevalence 337 of 35.4-37.4% in participants' blood by qPCR, and microfilaria were also confirmed in the night 338
blood samples collected to screen for W. bancrofti. 339
The DNA of the three parasites was successfully detected in mosquito E/F, with M. perstans 340 found in the highest number of E/F pools (Table 1) . Parasite DNA positivity in mosquito E/F 341 was not associated with the number of mosquitoes in the pool. The prevalence of DNA 342 positivity in mosquito carcasses was higher in the H&T aliquot than in the Abd aliquot for W. 343 bancrofti, whereas the opposite was observed for P. falciparum and comparable positivity 344 rates were observed between the two body parts for M. perstans DNA. Positive E/F for W. 345 bancrofti and P. falciparum were only found from resting mosquitoes collected indoors, 346
whereas M. perstans DNA was also detected in the E/F deposited by three mosquitoes 347 collected using the CDC Box trap and one collected using the Anopheles gravid trap. 
Evaluation of carcass cross-contamination through E/F 403
Experimental evaluation revealed low-levels of carcass cross-contamination as a result of the 404 cohousing of exposed and unexposed mosquitoes (S3 Contamination results). All five 405 experimental E/F pools allowed for P. falciparum detection (indicating that E/F with the 406 potential to cross-contaminate was present and produced by the mosquitoes). However, 407 positive results were obtained from exposed mosquitoes originating in only 2 of 5 experimental 408 pools, with only one of the five exposed mosquitoes from each pool allowing for P. falciparum 409 detection in both instances (1 H&T, 1 Abd). In conjunction, these results would suggest that 410 nearly all parasite signal was expelled from exposed mosquitoes by the 72 hours post- In order to improve the sensitivity and scalability of MX for the detection of infection within a 419 community, we have previously shown in the lab that mosquito E/F can be collected using a 420 superhydrophobic insert and screened for the presence of various parasites [28] . We tested 421 this tool in two villages of rural Ghana and we have shown for the first time that the method is 422 fully field-applicable, including for pathogens which are not transmitted by mosquitoes. 423
Our primary goal was to verify the presence of W. bancrofti in these communities, using 424 lymphatic filariasis as an example of the capacity of our approach to detect an infection at a 425 very low prevalence and approaching elimination [29] . W. bancrofti DNA was successfully 426 recovered from both insect E/F and carcasses, with the low DNA positivity rates comparable 427 to the prevalence of microfilaria in people. It is important to note that the two communities underwent a round of MDA with ivermectin and albendazole two to four weeks before we 429 initiated our study. Considering that a mosquito takes only a few microliters of blood during 430 feeding, and that the microfilaria density estimated in our positive villagers was ranging from 431 0.17 and 0.04 larvae per microliter, detecting parasite DNA in mosquitoes and their E/F shortly 432 after community drug treatment shows the high sensitivity of the approach in very low 433 prevalence and intensity settings. 434
Our approach allowed for the detection of M. perstans, which was also the most prevalent of 435 the pathogens in mosquito E/F. Because this filarial worm is not transmitted by mosquitoes, 436 this finding is particularly important because it proves the feasibility of our approach to detect 437 pathogens which are present in human blood and that are taken up with the bloodmeal by 438 insect vectors. Our results corroborate previous findings where mosquitoes have been used 439 to "sample" a variety of pathogens [6, 8] , including using the abdomens of blood-fed culicine 440 mosquitoes to detect human malaria parasites [7] . There is scope to expand the array of 441 pathogens circulating in the blood (including bacteria and fungi) to be tested for persistence 442 and detection sensitivity using mosquito E/F. Interestingly, we also detected Mansonella DNA 443 in the excreta of female mosquitoes collected using gravid traps. 444
We detected M. perstans DNA in the mosquito head and thorax aliquots While our 445 experimental results show that exposure to positive E/F could result in carcass contamination, 446 such contamination appears to occur at low levels. It is possible that the microfilaria 447 successfully penetrated the midgut, as has been shown in laboratory infections of Aedes 448 aegypti with M. ozzardi [44] . If M. perstans microfilaria manage to penetrate the midgut, the 449 parasite may reach the thoracic muscles of the insect where the immune system would kill it 450 and the thorax would test positive by PCR from the melanized dead larvae DNA. It is also 451 possible that M. perstans is caught in the mosquito cibarial armature during ingestion, as 452
proposed in a previous study where DNA positivity for B. malayi was detected in the heads 453 and thoraces of Cu. pipiens (a non-permissive vector) up to 14 days following the our laboratory where filarial DNA is detected at 24 hours post-exposure in both the heads and 456 the thoraces by PCR (unpublished data). 457
There was an unexpected and significant discrepancy in the DNA detection rate of P. 458 falciparum between sample types. Despite the prevalence of malaria being very high in the 459 communities (with at least one positive person in each sampled household), and similarly in 460 the mosquito carcasses, the detection in the E/F was very low. One potential explanation is 461 that our method of E/F storage (dried at room temperature without any preservative) may have 462 caused a more rapid degradation of excreted DNA from a unicellular pathogen like 463
Plasmodium, compared to whole larvae in the case of filarial worms. The possible use of 464 collection cards for the preservation of nucleic acids, such as Whatman or GenTegra cards, 465 as a means of overcome such potential degradation is currently being explored. Similarly, 466
Plasmodium DNA could be degraded more efficiently in the mosquito midgut during blood 467 digestion compared to filarial worms, where body remnants may be excreted in the feces still 468 carrying enough intact DNA for the qPCR target to be detected. Another possibility is that the 469 expulsion of Plasmodium DNA in the E/F of some mosquitoes did not occur during the time 470 insects were held in the cups, effectively reducing the detection rates in the E/F compared to 471 the carcasses. 472
Positivity detected in the mosquito E/F or carcasses was not predictive for the presence of 473 infected people in the same household. In a recent study, Plasmodium infection incidence at 474 the household level and the number of people infected were both correlated to the presence 475 of Plasmodium-positive Culex quinquefasciatus collected from the same households [7] . 476
Given the presence of Plasmodium-positive people in every household in our study, the 477 predictive power of mosquito samples for malaria could not be tested. Furthermore it is not 478 possible to predict which household members slept under a bed net the night of the collection, 479
and whether the majority of the collected mosquitoes fed preferentially on an infected or 480 uninfected person skewing the results. Additional and more extensive studies are needed to longer period of time and assessing heterogeneity of exposure to bites by genotyping both the 483 blood of the people and the blood ingested by the mosquitoes [45] . 484
Although analysis of infection spatial clustering was performed, future research in the spatial 485 distribution of the pathogens is needed. The limited number of positives and the low number 486 of households (in particular in Sekyerekura) limited the tests performance. Knowledge on 487 whether the pathogens shown an uneven spatial distribution in a community is important when 488 planning molecular xenomonitoring sampling. Nevertheless, the probability of detection of at 489 least a M. perstans-positive mosquito sample in 10 randomly selected households was higher 490 than 95%, showing the potential for using indoor resting blood fed anophelines to detect the 491 presence of this parasite without the need of sampling all the households. 492
Currently, it is clear that MX is not diagnostic but it can nevertheless aid in the verification of 493 presence or absence of infection. Since sampling blood fed mosquitoes increases the 494 likelihood of detection by ensuring that all sampled mosquitoes have been exposed to at least 495 one bloodmeal, there is further scope to detect multiple bloodborne pathogens of both human 496 and animal origin [1] [2] [3] . The possibility of detecting parasitic infections such as sleeping 497 sickness, leishmaniasis or loiasis should be explored to assess whether MX could complement 498 existing surveillance activities for these diseases. Our field study confirms that screening 499 mosquito E/F and carcasses are both feasible approaches. However E/F screening can be 500 done in larger pool sizes [22] and there are other approaches to collecting excreta, including 501 swabbing from collection cups [28] 
